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ABSTRACT 
Extensive research in the past decade has significantly broadened our view about the role actin plays in the life 
of the cell and added novel aspects to actin research. One of these new aspects is the discovery of the existence 
of nuclear actin which became evident only recently. Nuclear activities including transcriptional activation in the 
case of all three RNA polymerases, editing and nuclear export of mRNAs, and chromatin remodeling all depend 
on actin. It also became clear that there is a fine-tuned equilibrium between cytoplasmic and nuclear actin pools 
and that this balance is ensured by an export-import system dedicated to actin. After over half a century of 
research on conventional actin and its organizing partners in the cytoplasm, it was also an unexpected finding 
that the nucleus contains more than 30 actin-binding proteins and new classes of actin-related proteins which are 
not able to form filaments but had evolved nuclear-specific functions. The actin-binding and actin-related 
proteins in the nucleus have been linked to RNA transcription and processing, nuclear transport and chromatin 
remodeling. In this paper, we attempt to provide an overview of the wide range of information that is now 
available about actin, actin-binding, and actin-related proteins in the nucleus. 
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INTRODUCTION 
The nucleus was first observed by Antonie van Leeuwenhoek in 1719, but the function of the nucleus remained 
unclear in the following three hundred years (Sutton 1903; Boveri 1904; Morgan et al. 1915), and the first direct 
evidence for its function came only in 1962 (Gurdon 1962). The generally accepted view still holds that the 
nucleus is fundamentally different from the rest of the cell in respect of molecular composition, structure, and 
physical properties (Pederson and Marko 2014). Although the analysis of the cell nucleus still faces many 
technical difficulties and its compact organization is yet to be understood, current developments in understanding 
epigenetic regulation (Alexander and Lomvardas 2014; Meagher et al. 2009) and the discovery of nuclear bodies 
(Dundr 2012) or chromosome territories (Cremer and Cremer 2001) place the nucleus in the focus of broad 
scientific interest today. One of the most recent and significant findings in this field is the identification of 
surprisingly numerous cytoskeletal elements in the nucleus (Simon and Wilson 2011; Castano et al. 2010; 
Kumeta et al. 2012; Rajakyla and Vartiainen 2014). In this paper, we aim to discuss the most important members 
of this new world: nuclear actin, actin-binding proteins (ABPs), and actin-related proteins (ARPs) by 
summarizing their discovery and function in the nucleus with emphasis on the most recent advances on the field.  
 
NUCLEAR ACTIN 
Actin is one of the most abundant proteins found in all eukaryotic cells. It is a highly conserved globular, 
multi-functional protein that forms microfilaments in the cytoplasm. Research performed in the past decade has 
provided convincing evidence for the existence of actin in the cell nucleus and for the involvement of actin in 
fundamental nuclear functions (Fig. 1). In resting cells, actin localizes mainly to euchromatic regions at the 
border of heterochromatin blocks and in the fibrillar centers of nucleoli, the sites of rDNA transcription 
(Dingova et al. 2009). It has also become clear that the cytoplasmic and nuclear pools of actin are functionally 
linked; the nuclear and cytoplasmic actin pools are constantly being exchanged (Gieni and Hendzel 2009; Skarp 
and Vartiainen 2013). The actin protein lacks any nuclear localization (NLS) sequence, but it can translocate into 
the nucleus in monomeric form in complex with cofilin, an actin filament-disassembling protein, and importin 9 
(Imp9); however, some data argue that cofilin plays a role in actin import only if high amounts of actin is needed 
in the nucleus (Miyamoto and Gurdon 2013). Actin contains two nuclear export sequences (NES) (Wada et al. 
1998) and is exported from the nucleus in complex with the actin polymerization promoting protein profilin by 
the transport factor exportin 6 (Exp6) (Stuven et al. 2003; Bohnsack et al. 2006; Dopie et al. 2012). The nuclei of 
A375 human melanoma cells contain both β- and γ-actin forms, but β-actin exhibits a significantly higher 
nucleus-to-cytoplasm ratio than γ-actin in these cells which suggests differences in the regulation of the nuclear 
transport of different actin monomers (Migocka-Patrzalek et al. 2015). 
Actin is transported in and out of the nucleus in globular (G-actin) form, but most of the traditional roles 
of actin in the cytoplasm rely on either actin filaments or their polymerization process; therefore, the form actin 
takes within the nucleus is an intriguing question. The first observations about actin forms in the nucleus 
supported the view that the majority of endogenous nuclear actin is in monomeric or in unique oligomeric forms 
(Schoenenberger et al. 2005). The facts that phalloidin, which specifically recognizes at least seven subunit long 
filaments, did not stain the nucleus and that nuclear actin filaments were not confirmed by electron microscopy 
also supported the conclusion that nuclear actin is monomeric (de Lanerolle and Serebryannyy 2011), and the 
most primitive functions of actin are nuclear and involve mono- and oligomeric forms. In fact, actin is functional 
3 
 
in many nuclear protein complexes in its unpolymerized form (reviewed in Grosse and Vartiainen 2013) which 
suggests a model that through its ATPase activity actin can promote conformational changes in these nuclear 
complexes, and this function is directly relevant in the nucleus (Wesolowska and Lenart 2015). 
Evidences for nuclear filamentous actin (F-actin) came from studies in which actin-depolymerizing drugs 
or myosin inhibitors were found to disrupt nuclear processes. In addition, fluorescence correlation spectroscopy 
(FCS) and fluorescence recovery after photobleaching (FRAP) techniques revealed two actin pools in the 
nucleus: a mobile pool most likely formed by G-actin and a bound, immobile pool which contains not only 
nuclear complex-associated actin but also a significant amount (20%) of F-actin (McDonald et al. 2006; Dopie et 
al. 2012). Nuclear actin filaments are most likely formed by mechanisms similar to those in the cytoplasm 
(Kokai et al. 2014), but the regulation of polymerization is supposedly different in the two cellular compartments 
because the factors required for microfilament network formation are not constantly present in the nucleus; they 
shuttle continuously between the cytoplasm and the nucleus (Kumeta et al. 2012). Moreover, new regulators of 
actin polymerization have been identified recently in a genome-wide screen in Drosophila S2R+ cell nuclei 
among which the depletion of Nucleoporin 98, Capt or Lam proteins inhibited the formation of actin rods in the 
nucleus (Dopie et al. 2015). To date, F-actin structures have only been detected in the nucleus with antibodies 
that recognize unique actin conformations (Schoenenberger et al. 2005) and under specific conditions such as 
DMSO treatment (Fukui and Katsumaru 1980), heat shock (Nishida et al. 1987), ATP depletion (Pendleton et al. 
2003), nucleus transplantation (Miyamoto et al. 2011), serum induction (Grosse and Vartiainen 2013), activation 
of the formin mDia in the nucleus (Baarlink et al. 2013), forced overexpression of nuclear actin (Kalendova et al. 
2014; Kokai et al. 2014), cell spreading (Plessner et al. 2015), viral infection (Feierbach et al. 2006; Goley et al. 
2006), or certain diseases (Bamburg et al. 2010; Munsie et al. 2011). Interestingly, the dynamics of actin 
network formation as well as the shape of the filaments are remarkably different in the case of different 
environmental conditions (Plessner et al. 2015; Belin et al. 2015) suggesting that complex and multiple 
mechanisms regulate actin polymerization in the nucleus. These observations together with the finding that many 
actin filament assembly proteins have nuclear functions (Weston et al. 2012) argue for the existence and 
essential roles of F-actin in the nucleus of resting cells as well. 
In the nucleus, actin has been linked to a variety of processes including transcription and transcription 
regulation, RNA processing and export, chromatin organization and remodeling, DNA repair, or even nuclear 
envelope assembly (reviewed in: Castano et al. 2010; Miyamoto and Gurdon 2013; Percipalle 2013; Falahzadeh 
et al. 2015; Wesolowska and Lenart 2015). Research over the past decade has accumulated a large body of 
evidence to indicate that actin as well as its polymerization are essential for RNA transcription (Sjolinder et al. 
2005; Vieu and Hernandez 2006; Yoo et al. 2007; Dundr et al. 2007; Miyamoto et al. 2011; Obrdlik and 
Percipalle 2011). Actin is required for the assembly of the RNA transcription complex, transcription initiation, 
and it interacts with both the unphosphorylated and the hypo- (PS5) and hyperphosphorylated (PS2) forms of 
RNA polymerase II (Pol2) (Hofmann et al. 2004; Kukalev et al. 2005; Obrdlik et al. 2008). Moreover, the 
expression of a mutant form of nuclear myosin 1 (NMI) that cannot bind actin results in the dissociation of Pol2, 
actin, and NMI from the promoter regions (Almuzzaini et al. 2015) indicating that during transcription actin 
performs its activity in cooperation with myosins. 
Besides its direct involvement in transcription, actin has also been implicated in transcription regulatory 
processes. A recent genome-wide microarray analysis suggests a positive role for actin in gene expression 
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regulation (Yamazaki et al. 2015). The transcription regulatory activity of actin is often coupled to changes in 
cytoskeletal organization that alter the ratio between G- and F-actin forms which, in turn, leads to the activation 
or repression of factors capable of sensing monomeric or polymeric actin concentrations. One of the best studied 
example for this phenomenon is the regulation of the activity of serum response factor (SRF), which activates 
many cytoskeletal genes. In this signaling pathway, nuclear actin - in concert with cytoplasmic actin - can 
sequester or activate MAL, the G-actin-binding cofactor of SRF (Vartiainen et al. 2007; Baarlink et al. 2013; 
Esnault et al. 2014). A recent report shows that formins mDia1 and mDia2, which are involved in the 
polymerization of actin, also play a role in this process in the nucleus (Plessner et al. 2015). Other examples of 
G-actin level-sensing transcription regulation include the JMY protein which, together with p300, plays a central 
role in facilitating p53 response and the Hippo pathway, which includes the system of YAP and TAZ 
transcriptional activators (reviewed in Rajakyla and Vartiainen 2014; Wesolowska and Lenart 2015). The other 
way of transcription regulation by actin is the direct binding of nuclear F-actin to transcription regulatory 
complexes. The pathways that have been linked to the polymerization of nuclear actin include the retinoic acid 
(RA)-induced expression of the HoxB gene and the Nuclear co-repressor (NCoR) complex. The retinoic acid 
receptor (RAR) activates its target gene together with Prep-1, which binds β-actin (Diaz et al. 2007) and with N-
WASP known to activate F-actin polymerization (Ferrai et al. 2009), while in the case of the Nuclear Co-
Repressor (NCoR) complex the binding of F-actin to Coronin 2A induces the dissociation of the complex from 
silenced genes (Huang et al. 2011). 
In eukaryotes, after transcription, the primary transcripts associate with proteins to form RNPs and 
undergo a series of modifications and subsequent nuclear export. Although actin is not able to bind RNA, its 
association with nuclear hnRNPs has been reported in various species (Brunel and Lelay 1979; Maundrell and 
Scherrer 1979; Gounon and Karsenti 1981; Percipalle et al. 2001; Percipalle et al. 2002; Obrdlik et al. 2008) 
suggesting a role for actin in RNA editing and transport. Actin was also found to participate in the nuclear export 
of viral proteins and RNAs through binding the eukaryotic initiation factor 5A (eIF-5A) (Hofmann et al. 2001) 
and of the small ribosomal subunit (SSU) protein S6 together with the NMI motor protein (Cisterna et al. 2006). 
However, actin co-localizes with only 10% of the SSUs in the nucleoplasm, indicating that actin-based 
movement and export of S6-containing subunits is only a part of the ribosomal export mechanisms. Actin 
associates with the nucleoplasmic filaments of nuclear pore complexes (Hofmann et al. 2001) and the nuclear 
pore-linked filament network (Kiseleva et al. 2004) further supporting the idea that actin plays a role in nuclear 
transport. 
Actin is most likely involved in gene expression also as a component of chromatin-remodeling 
complexes. Not all chromatin remodeling complexes contain actin, but the ATP-dependent chromatin modifying 
complexes INO80, SWR1, BAF and the NuA4 histone acetyltransferase (HAT) multisubunit complex all contain 
actin from yeast to human (reviewed in Farrants 2008; Visa and Percipalle 2010). The INO80 complex contains 
actin and actin-related proteins which associate with the complex through the helicase-SANT–associated (HSA) 
domain in the core catalytic ATPase subunit (Szerlong et al. 2008). The association of phosphatidylinositol 4,5-
bisphosphate (PIP2) with the SWI/SNF-like BAF nucleosome remodeling complex enables the complex to bind 
and stabilize actin filaments (Rando et al. 2002), which is required for maximal ATPase activity and chromatin 
binding of the machinery (Zhao et al. 1998). The interaction between actin and actin-related protein 4 (ARP4) 
within the BAF complex is essential for the integrity of the complex (Nishimoto et al. 2012). In Xenopus 
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oocytes, the binding of actin and the BAF complex to the regulatory region of the pluripotency gene OCT4 is 
essential for the transcriptional reactivation of OCT4 (Miyamoto et al. 2011). Moreover, this binding is enhanced 
by the Transducer of Cdc42-dependent actin assembly (Toca-1) protein, which promotes F-actin nucleation. The 
process of OCT4 activation is not specific to Xenopus oocytes; it is conserved in vertebrates and among cell 
types (Yamazaki et al. 2015). 
Recently, DNA repair has also been directly associated with nuclear actin. DNA damage induced with 
various types of genotoxic agents triggers the formation of actin filaments in the nucleus, and cells with lower 
levels of nuclear actin exhibit a reduction in DNA repair ability. The actin polymerizing factors Formin-2, Spire-
1, and Spire-2 were found to be required for F-actin formation during DNA damage response (Belin et al. 2015). 
 
ACTIN-BINDING PROTEINS IN THE NUCLEUS 
It is becoming increasingly evident that not only actin and ARPs but also proteins involved in actin 
filament formation and function are found in the nucleus. To date, more than 30 ABPs have been identified in 
the nucleus that promote actin filament nucleation, organize actin filaments or sequester actin monomers 
(Castano et al. 2010; Weston et al. 2012). These nuclear ABPs are Titin, Emerin, Protein 4.1, Spectrins, 
Tropomyosin, ERM proteins, Myosins, Lamins, and Rho GTPase-regulated ABPs (Fig. 1), however, in most 
cases it is only assumed that they actually regulate actin in the nucleus. ABPs often co-localize with nuclear actin 
and are mostly found at the nuclear envelope and within the intranuclear space (Dingova et al. 2009). Their 
primary function is most likely the regulation of actin dynamics through controlling the amount of nuclear actin 
and fine-tuning the balance between monomeric and polymeric actin forms in the nucleus. These activities of 
ABPs control the engagement of actin in transcriptional regulation and reprogramming, which are achieved by 
direct involvement in polymerase-mediated transcription as well as through indirect mechanisms that rely on G- 
or F-actin (Miyamoto and Gurdon 2013; Hsiao et al. 2014). On the other hand, it is also possible that nuclear 
ABPs, together with actin, provide a platform for the assembly of molecular complexes and for their interactions 
in the nucleus (Visa and Percipalle 2010). 
The largest known protein, Titin (also known as “connectin”) (~3.8 MDa), composed primarily of a linear 
array of 240 fibronectin and immunoglobulin domains, localizes to the nucleus (Machado et al. 1998). It links Z 
and M lines in the sarcomere of striated muscle cells, but most eukaryotic cells also have a nuclear isoform of 
titin, which localizes to the chromatin and is essential for mitotic chromosome condensation and segregation 
(Machado and Andrew 2000). Titin binds actin (Trombitas and Granzier 1997; Linke et al. 2002), A- and B-type 
lamins (Zastrow et al. 2006) and interacts with histones H2A, H3 and H4 (King and Jhou 2010) in the nucleus. 
The N-terminal end of the titin protein contains a functional NLS motif and activates the WNT–β-catenin 
signaling pathway (Qi et al. 2008), while the proline-rich PEVK domain is responsible for actin binding in a 
Ca
2+
-dependent manner; however, this interaction was found to be weaker and Ca
2+
-independent in the case of 
skeletal PEVK (Linke et al. 2002). 
Emerin is a serine-rich, single-pass inner nuclear membrane protein and a member of the nuclear lamina-
associated protein family. It is known to interact with many nuclear proteins such as lamins (Clements et al. 
2000), barrier-to-autointegration factor (BAF) (Lee et al. 2001), nesprins (Mislow et al. 2002), NMI (Holaska 
and Wilson 2007), HDAC3, and transcription factors β-catenin and Lmo7 (Berk et al. 2013); therefore emerin is 
supposed to be involved in chromatin organization and tethering chromosomes to the nuclear envelope. The F-
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actin binding ability of emerin has been confirmed by multiple methods, and the putative actin-binding domain 
(between amino acid positions 46-222 in human emerin) overlaps with both the lamin- and the repressor-binding 
(GCL) domains (Lattanzi et al. 2003; Holaska et al. 2004; Holaska and Wilson 2007). Emerin promotes the 
formation of nuclear actin filaments: it stabilizes the growing actin filament in vitro by capping the pointed end 
(Holaska et al. 2004). In the nucleus, emerin - together with LaminA/C - regulates the activity of the SRF 
transcription factor by modulating the polymerization of actin (Ho et al. 2013). 
Cytoplasmic Protein 4.1 is essential for maintaining cell shape and membrane mechanical properties 
through stabilizing the interaction between spectrin and actin in skeletal structures (Diakowski et al. 2006). 
Protein 4.1 has a functional NLS, and it accumulates at the nuclear membrane in the nucleus, binds emerin, 
lamin A (Meyer et al. 2011), spectrins, and actin (Correas et al. 1986). A short motif of 8 amino acids 
(LKKNFMES) within the 10 kDa spectrin-actin-binding domain of 4.1R is responsible for the binding of protein 
4.1 to actin (Gimm et al. 2002). The protein 4.1-actin interaction is necessary for nuclear assembly after mitosis 
(Krauss et al. 2003), and protein 4.1 is clearly important for nuclear structures and functions such as the 
centrosome - nuclear envelope interaction and the regulation of β-catenin activity (Meyer et al. 2011), however, 
the underlying mechanisms are unknown today. 
Spectrin proteins are long cytoskeletal proteins that line the intracellular side of the plasma membrane. 
They crosslink F-actin filaments decorated with tropomyosin and protein 4.1, thereby forming an elastic 
meshwork in the cytoplasm which is essential for plasma membrane integrity and maintenance of the cell shape 
(Salomao et al. 2008). Three types of spectrins have been found in the nucleus: βIVΣ5, βII, and αII (Tse et al. 
2001; Tang et al. 2003; Young and Kothary 2005, respectively). αII Spectrin plays a role in chromosome 
stability and telomere maintenance by being involved in the repair of DNA interstrand cross-links and is 
deficient in cells from patients with Fanconi anemia, which are defective in the ability to repair crosslinks 
(McMahon et al. 2009; Zhang et al. 2015). The F-actin binding of α and β spectrin heterodimers is carried out by 
the N-terminal calponin-homology domain of β-spectrins (Djinovic Carugo et al. 1997), and this interaction is 
greatly enhanced by PIP2 (An et al. 2005). The presence of tropomyosin (Dingova et al. 2009), spectrins, actin, 
and protein 4.1 in the nucleus indicates that, similarly to their cytoplasmic function, they might form an elastic 
network within the nucleus. Numerous other nuclear proteins, including nesprins, NuMA protein, and α-actinin, 
also have spectrin-repeat domains raising the possibility of an ancient nuclear function for the spectrin domain-
containing proteins in the nucleus (Young and Kothary 2005).  
The evolutionarily conserved ERM protein family consists of three closely related proteins, Ezrin, 
Radixin, and Moesin. The three paralogs are present in vertebrates, whereas other species have only one ERM 
gene. ERMs are major regulators of actin dynamics in the cell by crosslinking membrane proteins to the cortical 
actin network. They share a conserved N-terminal FERM domain responsible for protein binding and a C-
terminal F-actin binding domain (Clucas and Valderrama 2014). Similarly to many other nuclear ABPs, their 
activity is regulated by PIP2 (Ben-Aissa et al. 2012). Genome-wide proteome analysis identified ERMs in the 
nuclear extract of human peripheral blood lymphocytes (Bergquist et al. 2001), and an immuno-cytochemical 
study revealed that all three human ERMs localize to the nucleus (Batchelor et al. 2004). Conserved nuclear 
localization sequences have also been determined (Krawetz and Kelly 2008; Batchelor et al. 2004).  
Myosins are ATP-dependent conserved motor proteins responsible for actin-based motility (Kull and 
Endow 2013). Although seven different myosin proteins have been described in the nucleus (Simon and Wilson 
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2011; de Lanerolle and Serebryannyy 2011), only NMI, an isoform of cytoplasmic myosin 1C, has been studied 
in greater details so far. NMI was the first myosin to be detected in the nucleus (Pestic-Dragovich et al. 2000). 
The protein contains an NLS within the calmodulin-binding motif, which is also present in myosin 1C, raising 
the possibility that both protein isoforms are present in the nucleus (Dzijak et al. 2012). NMI associates with 
RNA polymerase I (Pol1) at active transcription sites (Philimonenko et al. 2004) and with the chromatin 
remodeling complex WSTF-SNF2h (Percipalle et al. 2006). In the nucleus, NMI cooperates with actin to 
assemble Pol1 at the promoter region (Grummt 2006), and it is part of the B-WICH multiprotein complex, which 
is involved in the post-initiation phase of Pol1 transcription (Percipalle et al. 2006; Sarshad et al. 2013). These 
results suggest that, together with actin, NMI drives the transcriptional machinery and, at the same time, 
maintains a permissive chromatin structure (Sarshad and Percipalle 2014). Other results indicate that nuclear 
actin and myosin play a role in maintaining nuclear structure by mediating chromatin arrangement and by 
interacting with the lamina (Sarshad and Percipalle 2014). MyosinII and myosinVI are involved in Pol2-, while 
myosinVb in Pol1-mediated gene transcription (Li and Sarna 2009; Vreugde et al. 2006; Lindsay and McCaffrey 
2009), respectively). Myosin Va localizes to the nuclear speckles in cells, indicating a role in mRNA splicing 
(Pranchevicius et al. 2008). 
The nuclear lamina is the best studied skeletal structure in the nucleus (Gruenbaum et al. 2005; Gerace 
and Huber 2012). Besides providing mechanical support, it holds the NPCs in place, participates in chromatin 
organization, and regulates important cellular events such as DNA replication, transcription, and cell division 
(Dechat et al. 2010; Ho and Lammerding 2012; Burke and Stewart 2013). In the nucleus, lamins have numerous 
interacting partners (54 was reported in the case of human lamin A and 30 for human lamin B proteins) and 
undergo many posttranslational modifications (reviewed in Simon and Wilson 2013). Both A- and B-type lamins 
were shown to directly bind and bundle F-actin in vitro (Simon et al. 2010). A conserved actin-binding site was 
mapped between residues 461-536 in lamin-A with 54% identity with the corresponding domain in lamin B, and 
a second actin-binding site was also identified in the tail region of lamin A (residues 564-608). Interestingly, the 
prelamin A tail binds F-actin less efficiently than the mature prelamin A tail, indicating that the residues 647–
664, unique to prelamin A, might auto-inhibit the binding to actin (Simon et al. 2010). 
Rho GTPases regulate many nuclear ABPs such as cofilin, profilin, formins, filamin-A (Fln), 
adenomatous polyposis coli (APC) protein, wiscott-aldrich syndrome family proteins (WASp, N-WASp, 
WAVE), α-actinin, and Thymosin-β4. Since Rho GTPase regulated nuclear ABPs have been summarized 
recently in excellent reviews (Rajakyla and Vartiainen 2014; Baarlink and Grosse 2014; Verboon et al. 2015), 
here we will only focus on the most important findings in this field. The role cofilin and profilin play in the 
nuclear transport of actin has been discussed above (Fig. 1). In the nucleus, cofilin has been linked to 
transcription elongation both directly (Obrdlik and Percipalle 2011) and in complex with actin (Dopie et al. 
2012). Profilin is involved in the regulation of gene expression (Lederer et al. 2005), transcription (Soderberg et 
al. 2012), and mRNA splicing (Skare et al. 2003). Formin proteins, similarly to actin, are transported through the 
nuclear pores in a regulated fashion: in the case of mouse diaphanous homolog 2 (mDia2), with the help of 
Importinα and Crm1, and most likely in an autoinhibited conformation (Baarlink and Grosse 2014). In the 
nucleus, formins play a role in actin polymerization (Baarlink et al. 2013), Pol1-mediated transcription (Menard 
et al. 2006), and DNA damage repair (Belin et al. 2015). The dimer of filamin-A crosslinks actin filaments into 
networks, and, in the nucleus - together with actin - it is linked to the activity of the Pol1 transcription complex 
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(Deng et al. 2012) and to the repair mechanism of double-strand breaks (Yue et al. 2009). The Wiskott–Aldrich 
syndrome (WAS) family of proteins associate with actin, the small GTPase CDC42 or Rac1, known to regulate 
the formation of actin filaments, and the new actin filament-nucleating complex, Arp2/3. In WAS proteins, the 
VCA module located at the C-terminal end of the proteins is responsible for actin-related interactions. It contains 
three motifs: the verprolin homology motif (V/WH2), which binds actin monomers and delivers them to Arp2/3, 
the cofilin homology motif (C), which binds cofilin, and the acidic motif (A), which binds Arp2/3 (Lane et al. 
2014). In the nucleus, WASp, N-WASp, and SCAR/WAVE are present and have been implicated as 
transcriptional regulators (Suetsugu and Takenawa 2003; Wu et al. 2006). In addition to transcriptional effects, 
Drosophila Wash is involved in the organization of the global nuclear architecture (Verboon et al. 2015). 
 
ACTIN-RELATED PROTEINS IN THE NUCLEUS 
ARPs belong to the ancient and divergent actin superfamily (Frankel and Mooseker 1996) together with 
conventional actins, heat shock proteins (e.g. hsp70), hexokinases, and numerous prokaryotic ATP binding 
proteins. All proteins in this superfamily form an actin fold (Kabsch and Holmes 1995), a well-defined tertiary 
structure consisting of two alpha-beta domains connected by a hinge region, which enables the proteins to 
undergo conformational shift in response to the hydrolysis state of ATP/ADP. The surprising feature of the actin 
fold is that this tertiary structure tolerates enormous sequence diversity, thus, proteins of the actin superfamily 
often form an almost superimposable X-ray structure without easily discernible sequence similarity (Flaherty et 
al. 1991). These specific structural alpha and beta subdomains of the actin fold and the capability of 
conformational change are thought to be crucial for the functions of actin superfamily members. All four 
conserved actin-like subdomains contain a five-stranded beta sheet of identical topology, suggesting that the 
molecules may have evolved by gene duplication (Kabsch and Holmes 1995).  
Although all ARPs possess actin like features, they often share only modest sequence homology (15-
70%) with conventional actins (Dion et al. 2010). ARPs do not show obvious homology with other protein 
families and unlike conventional actins, they are clearly divergent from each other. Based on their relative 
similarity to each other and their relationship to conventional actins, distinct classes of ARPs have been defined. 
It was proposed that the numbering and definition of different subfamilies of ARPs should be based on the 
degree of similarity to actin (Schroer et al. 1994), where ARP1s represent the most and ARP3s represent the 
least conserved proteins. Consequently, ARP1s typically show 47-69% amino acid identity to conventional actin 
and are characterized by small peptide insertions or deletions near to threonine 229 of actin. ARP2s share usually 
less than 47% identity to actin and contain one peptide insertion near alanine 321 of actin. Finally, ARP3s 
exhibit around 35% identity to actin and have four peptide insertions (Schroer et al. 1994). When the whole yeast 
genome sequence became available, six additional, even less conserved subfamilies of ARPs were defined 
(ARP4-ARP10) based primarily on sequences from Saccharomyces (Poch and Winsor 1997). Since then, only 
one new class of ARP (ARP11) was described (Eckley et al. 1999), but this group turned out to be fungal 
specific. This so called “orphan” ARP does not group into any of the known well-conserved subfamilies 
(Goodson and Hawse 2002). The nomenclature was later adopted in other organisms (Harata et al. 2001; Kato et 
al. 2001; Goodson and Hawse 2002).  
The predicted molecular surfaces of the different classes of ARPs are surprisingly divergent, suggesting 
that they are likely to be involved in unique functions. Available crystal structures of ARPs support the simple 
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assumption that their basic 3D structure still holds recognizable actin-like features, while the inserted regions 
form distinct loops opening up the possibility for new interactions. Eight subfamilies of ARPs (ARP1-ARP8) are 
conserved enough to be recognizable among all eukaryotes (Muller et al. 2005). The discriminative 
characteristics of different ARPs enabled the development of a web server dedicated to the annotation of ARP 
sequences: ARPAnno (http://bips.u-strasbg.fr/ARPAnno) (Muller et al. 2005). 
In the past decade, it has become apparent that certain ARPs localize not only to the cytoplasm but also to 
the nucleus (Kandasamy et al. 2005). A growing body of evidence supported nuclear location and functions for 
ARP4-9 first in yeast (Kandasamy et al. 2003; Deal et al. 2005), later in Drosophila, Arabidopsis, and mammals 
(Oma and Harata 2011). However, the nuclear localization in many cases turned out to be cell cycle-dependent 
(Kandasamy et al. 2003).  
Nuclear ARP-coding genes contain single or multiple insertions, as compared to the actin genes (Muller 
et al. 2005; Kabsch and Holmes 1995). The inserted protein domains disable the polymerization ability of 
nuclear ARPs but, at the same time, allow them to interact with various protein partners (Ohfuchi et al. 2006) or 
to form hetero-duplexes with each other as in the case of ARP7 and ARP9 (Lobsiger et al. 2014). In ARP8, the 
insertions wrap over the active site cleft, rigidifying the domain architecture, which suggests allosterically 
controlled ATPase activity in this case. Plant nuclear ARP4, ARP5, ARP6, and ARP9 (found in Arabidopsis and 
rice) show strong homology to the corresponding yeast and mammalian ARP proteins (Kandasamy et al. 2004; 
McKinney et al. 2002), therefore, these four clades of ARPs certainly predate the divergence of the three 
kingdoms. However, in the case of Arabidopsis ARP7 and ARP8, the phylogenetic relationships to the 
corresponding ARPs in other eukaryotic kingdoms are not clear; therefore, these two nuclear ARPs of 
Arabidopsis have an orphaned status (Blessing et al. 2004). The uncertainty arises from the finding that protein 
sequence differences within ARP8 sequences from different kingdoms generally share less than 30% identity 
(Muller et al. 2005). These data indicate that for some reason ARP8 genes have evolved much more rapidly than 
other ARP sequences. 
In the nucleus, ARPs have been linked to nucleosome remodeling (NR) (Cairns et al. 1998), histone 
acetylation (HAT), histone variant exchange (HVE) (Kumar and Wigge 2010), transcription regulation, and 
DNA repair (Weber et al. 1995; Grava et al. 2000; Blessing et al. 2004; Kandasamy et al. 2003; Deal et al. 
2005). Surprisingly, the majority of the well-characterized chromatin-modifying complexes with ARP subunits 
(Fig. 2) also contain monomeric actin (Olave et al. 2002). Many hypotheses were put forward regarding the 
biochemical functions of ARPs and actin in nuclear NR, HVE, and HAT complexes, but no single function 
stands out as generally conserved (Blessing et al. 2004). Two major roles have been proposed for nuclear ARPs 
in chromatin remodeling. First, in some cases, they are responsible for recruiting chromatin remodeling and 
HAT complexes to the chromatin. This activity of ARPs depends on their specific binding capabilities. Arp4 and 
ARP8 homologues have been shown to bind core histones directly (Harata et al. 1999; Shen et al. 2003; 
Nishimoto et al. 2012; Gerhold et al. 2012; Saravanan et al. 2012), while yeast and human Arp8 homologues 
bind single-stranded DNA with low affinity (Osakabe et al. 2014). Secondly, it was proposed that the ATPase 
activity of ARPs is utilized in chromatin remodeling complexes (Table1). It is also likely that this activity of 
ARPs is performed most often only indirectly by activating the DNA-dependent ATPase subunit of the NR and 
HVE complexes, since available mutations in the predicted ATPase domains of yeast ARP7 and ARP9 did not 
alter the ATPase activity of the RSC or SWI/SNF-type complexes (Cairns et al. 1998; Szerlong et al. 2003).  
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Although, nuclear ARPs are detected primarily in chromatin remodeling complexes (Table 1), they often 
exhibit complex-independent functions as well. ARP6 was found to function independently of the SWR1 
complex to regulate the expression of ribosomal genes through mediating their nuclear pore association (Yoshida 
et al. 2010). In Arabidopsis, ARP8 shows strong nucleolar localization as opposed to the prominent general 
nucleoplasmic localization of other ARPs (Kandasamy et al. 2008). Moreover, human ARP8 accumulates on the 
mitotic chromosomes and its depletion leads to chromosome misalignment during mitosis (Aoyama et al. 2008). 
But the existence of INO80 complex-independent functions of ARP8 is most likely not a general phenomenon, 
since yeast ARP8 mutants have milder but similar phenotypes than Ino80 mutants (Shimada et al. 2008) without 
any apparent nucleolar or mitotic chromosomal localization. Finally, there are examples where ARP4 assisted by 
ARP8 is not only able to interact with nuclear actin but can depolymerize actin filaments (Fenn et al. 2011), 
providing additional evidence for the chromatin remodeling complex-independent function of nuclear ARPs. 
It is still questionable that the interplay between cytoplasmic actin and myosin with cytoplasmic ARPs 
could model the nuclear function of these proteins. It is possible that, in the nucleus, they play a role in the long 
range organization of chromatin, large scale chromatin movements, and in the formation of chromosome 
territories (Dundr et al. 2007; Chuang et al. 2006; Mehta et al. 2010). The current extensive research on the field 
promises rapid progress in understanding the exact role of nuclear ARPs, actin, and myosin in long range 
chromatin organization. 
 
CONCLUDING REMARKS 
The research on the nuclear functions of actin, ABPs, and ARPs faces multiple challenges. Most of these 
proteins, including actin itself, have fundamental functions in the cytoplasm; therefore, elimination or any kind 
of modification of the proteins affect their activity in the cytoplasm as well. The faithful separation of 
cytoplasmic and nuclear functions does not seem possible at the moment. One way of solving this problem might 
be the manipulation of the nuclear transport of cytoskeletal elements, especially import, but in most cases these 
mechanisms have not been explored and, in addition, the transportins and transport mechanisms uncovered so far 
are not exclusively specific to them. Another great challenge in the field is the existence of many actin, ABP, 
and ARP protein isoforms arising from paralogous genes and/or alternative splicing. In vertebrates for instance, 
six actin isoforms are known, the primary structures of which are highly conserved, and cytoplasmic β- and γ-
actin differ from each other in only four amino acids (Vandekerckhove and Weber 1978). But some ABPs (e.g. 
ERMs, myosins) and most ARPs are also encoded by very closely related genes and thus have highly 
overlapping functions. 
The lack of molecular tools for the visualization of actin without disturbing its manifold functions and 
binding partners poses another difficulty. Many methods have been developed to detect actin in the cell 
(reviewed in Spracklen et al. 2014; Belin et al. 2014), but the low amount of actin in the nucleus, the majority of 
which is in G-actin form, and, more importantly, the observation that the actin-binding proteins used to detect 
actin and even the smallest modification of the actin protein perturb the kinetics and functionality of actin. 
Fluorescent derivatives of the heptapeptide phalloidin are used most commonly to visualize actin. But phalloidin 
needs at least seven actin subunits for binding, it does not penetrate the cell membrane, and is highly toxic 
making it less effective in experiments with living cells. The G-or F-actin binding domains of ABPs equipped 
with a fluorescent tag and often with an NLS are widely used (Edwards et al. 1997; Riedl et al. 2008; Burkel et 
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al. 2007; Belin and Mullins 2013; Johnson and Schell 2009), and recently actin-specific alpaca antibody coupled 
with GFP and NLS (nuclear actin-Chromobody) has been also developed (Plessner et al. 2015). Actin itself can 
also be labeled with various epitope tags, chemical fluorophores, or an additional NLS tag to target it to the 
nucleus. While numerous studies have shown the utility of these tools in analyzing actin structure and dynamics, 
they seem to interfere seriously with actin function (Aizawa et al. 1997; Roper et al. 2005; Chen et al. 2012; 
Spracklen et al. 2014). 
All these difficulties explain the lack of direct experimental evidence for the nuclear functions of actin, 
ABPs, and ARPs, which in turn result in controversies in the field. New methods and a lot of effort are needed in 
the future to answer exciting questions such as for example: 1) What are the exact mechanisms that maintain the 
differences between the cytoplasmic and nuclear distribution and especially the function of actin, ABPs, and 
ARPs? 2) If actin and myosins form molecular motors in the nucleus, what role such an acto-myosin complex 
can play in gene expression and intranuclear transport? 
 
ACKNOWLEDGEMENTS 
This work was supported by a grant from the Hungarian Scientific Research Fund (grant number OTKA 
K108538 to P.V.). The authors acknowledge Gabriella Tick (BRC Szeged) for her critical reading of the 
manuscript. We apologize to the authors whose work could not be cited here because of space limitations. 
The final publication is available at Springer via http://dx.doi.org/10.1002/cbin.10607. 
Funding: This study was funded by the Hungarian Scientific Research Fund (grant number OTKA K108538). 
Conflict of Interest: The authors declare that they have no conflict of interest. 
 
REFERENCES 
Aizawa H, Sameshima M, Yahara I (1997) A green fluorescent protein-actin fusion protein dominantly inhibits 
cytokinesis, cell spreading, and locomotion in Dictyostelium. Cell Struct Funct 22 (3):335-345 
Alexander JM, Lomvardas S (2014) Nuclear architecture as an epigenetic regulator of neural development and 
function. Neuroscience 264:39-50. doi:10.1016/j.neuroscience.2014.01.044 
Almuzzaini B, Sarshad AA, Farrants AK, Percipalle P (2015) Nuclear myosin 1 contributes to a chromatin 
landscape compatible with RNA polymerase II transcription activation. BMC Biol 13:35. 
doi:10.1186/s12915-015-0147-z 
An X, Debnath G, Guo X, Liu S, Lux SE, Baines A, Gratzer W, Mohandas N (2005) Identification and 
functional characterization of protein 4.1R and actin-binding sites in erythrocyte beta spectrin: 
regulation of the interactions by phosphatidylinositol-4,5-bisphosphate. Biochemistry 44 (31):10681-
10688. doi:10.1021/bi047331z 
Aoyama N, Oka A, Kitayama K, Kurumizaka H, Harata M (2008) The actin-related protein hArp8 accumulates 
on the mitotic chromosomes and functions in chromosome alignment. Exp Cell Res 314 (4):859-868. 
doi:10.1016/j.yexcr.2007.11.020 
Auger A, Galarneau L, Altaf M, Nourani A, Doyon Y, Utley RT, Cronier D, Allard S, Cote J (2008) Eaf1 is the 
platform for NuA4 molecular assembly that evolutionarily links chromatin acetylation to ATP-
dependent exchange of histone H2A variants. Mol Cell Biol 28 (7):2257-2270. 
doi:10.1128/MCB.01755-07 
Baarlink C, Grosse R (2014) Formin' actin in the nucleus. Nucleus 5 (1):15-20. doi:10.4161/nucl.28066 
Baarlink C, Wang H, Grosse R (2013) Nuclear actin network assembly by formins regulates the SRF coactivator 
MAL. Science 340 (6134):864-867. doi:10.1126/science.1235038 
Bamburg JR, Bernstein BW, Davis RC, Flynn KC, Goldsbury C, Jensen JR, Maloney MT, Marsden IT, 
Minamide LS, Pak CW, Shaw AE, Whiteman I, Wiggan O (2010) ADF/Cofilin-actin rods in 
neurodegenerative diseases. Curr Alzheimer Res 7 (3):241-250 
Batchelor CL, Woodward AM, Crouch DH (2004) Nuclear ERM (ezrin, radixin, moesin) proteins: regulation by 
cell density and nuclear import. Exp Cell Res 296 (2):208-222. doi:10.1016/j.yexcr.2004.02.010 
12 
 
Belin BJ, Goins LM, Mullins RD (2014) Comparative analysis of tools for live cell imaging of actin network 
architecture. Bioarchitecture 4 (6):189-202. doi:10.1080/19490992.2014.1047714 
Belin BJ, Lee T, Mullins RD (2015) DNA damage induces nuclear actin filament assembly by Formin-2 and 
Spire-(1/2) that promotes efficient DNA repair. Elife 4. doi:10.7554/eLife.07735 
Belin BJ, Mullins RD (2013) What we talk about when we talk about nuclear actin. Nucleus 4 (4):291-297. 
doi:10.4161/nucl.25960 
Ben-Aissa K, Patino-Lopez G, Belkina NV, Maniti O, Rosales T, Hao JJ, Kruhlak MJ, Knutson JR, Picart C, 
Shaw S (2012) Activation of moesin, a protein that links actin cytoskeleton to the plasma membrane, 
occurs by phosphatidylinositol 4,5-bisphosphate (PIP2) binding sequentially to two sites and releasing 
an autoinhibitory linker. J Biol Chem 287 (20):16311-16323. doi:10.1074/jbc.M111.304881 
Bergquist J, Gobom J, Blomberg A, Roepstorff P, Ekman R (2001) Identification of nuclei associated proteins 
by 2D-gel electrophoresis and mass spectrometry. J Neurosci Methods 109 (1):3-11 
Berk JM, Tifft KE, Wilson KL (2013) The nuclear envelope LEM-domain protein emerin. Nucleus 4 (4):298-
314. doi:10.4161/nucl.25751 
Blessing CA, Ugrinova GT, Goodson HV (2004) Actin and ARPs: action in the nucleus. Trends Cell Biol 14 
(8):435-442. doi:10.1016/j.tcb.2004.07.009 
Bohnsack MT, Stüven T, Kuhn C, Cordes VC, Görlich D (2006) A selective block of nuclear actin export 
stabilizes the giant nuclei of Xenopus oocytes. Nat Cell Biol 8(3):257-63 
Boveri, T.H. (1904) Ergebnisse über die Konstitution der chromatischen Substanz des Zelkerns. Jena: Fisher 
Verlag 
Brunel C, Lelay MN (1979) Two-dimensional analysis of proteins associated with heterogenous nuclear RNA in 
various animal cell lines. Eur J Biochem 99 (2):273-283 
Burke B, Stewart CL (2013) The nuclear lamins: flexibility in function. Nat Rev Mol Cell Biol 14 (1):13-24. 
doi:10.1038/nrm3488 
Burkel BM, von Dassow G, Bement WM (2007) Versatile fluorescent probes for actin filaments based on the 
actin-binding domain of utrophin. Cell Motil Cytoskeleton 64 (11):822-832. doi:10.1002/cm.20226 
Cairns BR, Erdjument-Bromage H, Tempst P, Winston F, Kornberg RD (1998) Two actin-related proteins are 
shared functional components of the chromatin-remodeling complexes RSC and SWI/SNF. Mol Cell 2 
(5):639-651 
Castano E, Philimonenko VV, Kahle M, Fukalová J, Kalendová A, Yildirim S, Dzijak R, Dingová-Krásna H, 
Hozák P (2010) Actin complexes in the cell nucleus: new stones in an old field. Histochem Cell Biol 
33(6):607-26. doi: 10.1007/s00418-010-0701-2 
Chen Q, Nag S, Pollard TD (2012) Formins filter modified actin subunits during processive elongation. J Struct 
Biol 177 (1):32-39. doi:10.1016/j.jsb.2011.10.005 
Chuang CH, Carpenter AE, Fuchsova B, Johnson T, de Lanerolle P, Belmont AS (2006) Long-range directional 
movement of an interphase chromosome site. Curr Biol 16 (8):825-831. doi:10.1016/j.cub.2006.03.059 
Cisterna B, Necchi D, Prosperi E, Biggiogera M (2006) Small ribosomal subunits associate with nuclear myosin 
and actin in transit to the nuclear pores. FASEB J 20 (11):1901-1903. doi:10.1096/fj.05-5278fje 
Clements L, Manilal S, Love DR, Morris GE (2000) Direct interaction between emerin and lamin A. Biochem 
Biophys Res Commun 267 (3):709-714. doi:10.1006/bbrc.1999.2023 
Clucas J, Valderrama F (2014) ERM proteins in cancer progression. J Cell Sci 127 (Pt 2):267-275. 
doi:10.1242/jcs.133108 
Correas I, Speicher DW, Marchesi VT (1986) Structure of the spectrin-actin binding site of erythrocyte protein 
4.1. J Biol Chem 261 (28):13362-13366 
Cremer T, Cremer C (2001) Chromosome territories, nuclear architecture and gene regulation in mammalian 
cells. Nat Rev Genet 2 (4):292-301. doi:10.1038/35066075 
de Lanerolle P, Serebryannyy L (2011) Nuclear actin and myosins: life without filaments. Nat Cell Biol 13 
(11):1282-1288. doi:10.1038/ncb2364 
Deal RB, Kandasamy MK, McKinney EC, Meagher RB (2005) The nuclear actin-related protein ARP6 is a 
pleiotropic developmental regulator required for the maintenance of FLOWERING LOCUS C 
expression and repression of flowering in Arabidopsis. Plant Cell 17 (10):2633-2646. 
doi:10.1105/tpc.105.035196 
Dechat T, Adam SA, Taimen P, Shimi T, Goldman RD (2010) Nuclear lamins. Cold Spring Harb Perspect Biol 2 
(11):a000547. doi:10.1101/cshperspect.a000547 
Deng W, Lopez-Camacho C, Tang JY, Mendoza-Villanueva D, Maya-Mendoza A, Jackson DA, Shore P (2012) 
Cytoskeletal protein filamin A is a nucleolar protein that suppresses ribosomal RNA gene transcription. 
Proc Natl Acad Sci U S A 109 (5):1524-1529. doi:10.1073/pnas.1107879109 
Diakowski W, Grzybek M, Sikorski AF (2006) Protein 4.1, a component of the erythrocyte membrane skeleton 
and its related homologue proteins forming the protein 4.1/FERM superfamily. Folia Histochem 
Cytobiol 44 (4):231-248 
13 
 
Diaz VM, Bachi A, Blasi F (2007) Purification of the Prep1 interactome identifies novel pathways regulated by 
Prep1. Proteomics 7 (15):2617-2623. doi:10.1002/pmic.200700197 
Dingova H, Fukalova J, Maninova M, Philimonenko VV, Hozak P (2009) Ultrastructural localization of actin 
and actin-binding proteins in the nucleus. Histochem Cell Biol 131 (3):425-434. doi:10.1007/s00418-
008-0539-z 
Dion V, Shimada K, Gasser SM (2010) Actin-related proteins in the nucleus: life beyond chromatin remodelers. 
Curr Opin Cell Biol 22 (3):383-391. doi:10.1016/j.ceb.2010.02.006 
Djinovic Carugo K, Banuelos S, Saraste M (1997) Crystal structure of a calponin homology domain. Nat Struct 
Biol 4 (3):175-179 
Doolittle LK, Rosen MK, Padrick SB (2013) Purification of Arp2/3 complex from Saccharomyces cerevisiae. 
Methods Mol Biol 1046:251-271. doi:10.1007/978-1-62703-538-5_15 
Dopie J, Rajakyla EK, Joensuu MS, Huet G, Ferrantelli E, Xie T, Jaalinoja H, Jokitalo E, Vartiainen MK (2015) 
Genome-wide RNAi screen for nuclear actin reveals a network of cofilin regulators. J Cell Sci 128 
(13):2388-2400. doi:10.1242/jcs.169441 
Dopie J, Skarp KP, Rajakyla EK, Tanhuanpaa K, Vartiainen MK (2012) Active maintenance of nuclear actin by 
importin 9 supports transcription. Proc Natl Acad Sci U S A 109 (9):E544-552. 
doi:10.1073/pnas.1118880109 
Dundr M (2012) Nuclear bodies: multifunctional companions of the genome. Curr Opin Cell Biol 24 (3):415-
422. doi:10.1016/j.ceb.2012.03.010 
Dundr M, Ospina JK, Sung MH, John S, Upender M, Ried T, Hager GL, Matera AG (2007) Actin-dependent 
intranuclear repositioning of an active gene locus in vivo. J Cell Biol 179 (6):1095-1103. 
doi:10.1083/jcb.200710058 
Dzijak R, Yildirim S, Kahle M, Novak P, Hnilicova J, Venit T, Hozak P (2012) Specific nuclear localizing 
sequence directs two myosin isoforms to the cell nucleus in calmodulin-sensitive manner. PLoS One 7 
(1):e30529. doi:10.1371/journal.pone.0030529 
Eckley DM, Gill SR, Melkonian KA, Bingham JB, Goodson HV, Heuser JE, Schroer TA (1999) Analysis of 
dynactin subcomplexes reveals a novel actin-related protein associated with the arp1 minifilament 
pointed end. J Cell Biol 147 (2):307-320 
Edwards KA, Demsky M, Montague RA, Weymouth N, Kiehart DP (1997) GFP-moesin illuminates actin 
cytoskeleton dynamics in living tissue and demonstrates cell shape changes during morphogenesis in 
Drosophila. Dev Biol 191 (1):103-117. doi:10.1006/dbio.1997.8707 
Esnault C, Stewart A, Gualdrini F, East P, Horswell S, Matthews N, Treisman R (2014) Rho-actin signaling to 
the MRTF coactivators dominates the immediate transcriptional response to serum in fibroblasts. Genes 
Dev 28 (9):943-958. doi:10.1101/gad.239327.114 
Falahzadeh K, Banaei-Esfahani A, Shahhoseini M (2015) The potential roles of actin in the nucleus. Cell J 17 
(1):7-14 
Farrants AK (2008) Chromatin remodelling and actin organisation. FEBS Lett 582 (14):2041-2050. 
doi:10.1016/j.febslet.2008.04.032 
Feierbach B, Piccinotti S, Bisher M, Denk W, Enquist LW (2006) Alpha-herpesvirus infection induces the 
formation of nuclear actin filaments. PLoS Pathog 2 (8):e85. doi:10.1371/journal.ppat.0020085 
Fenn S, Breitsprecher D, Gerhold CB, Witte G, Faix J, Hopfner KP (2011) Structural biochemistry of nuclear 
actin-related proteins 4 and 8 reveals their interaction with actin. EMBO J 30 (11):2153-2166. 
doi:10.1038/emboj.2011.118 
Ferrai C, Naum-Ongania G, Longobardi E, Palazzolo M, Disanza A, Diaz VM, Crippa MP, Scita G, Blasi F 
(2009) Induction of HoxB transcription by retinoic acid requires actin polymerization. Mol Biol Cell 20 
(15):3543-3551. doi:10.1091/mbc.E09-02-0114 
Flaherty KM, McKay DB, Kabsch W, Holmes KC (1991) Similarity of the three-dimensional structures of actin 
and the ATPase fragment of a 70-kDa heat shock cognate protein. Proc Natl Acad Sci U S A 88 
(11):5041-5045 
Frankel S, Mooseker MS (1996) The actin-related proteins. Curr Opin Cell Biol 8 (1):30-37 
Fukui Y, Katsumaru H (1980) Dynamics of nuclear actin bundle induction by dimethyl sulfoxide and factors 
affecting its development. J Cell Biol 84 (1):131-140 
Gerace L, Huber MD (2012) Nuclear lamina at the crossroads of the cytoplasm and nucleus. J Struct Biol 177 
(1):24-31. doi:10.1016/j.jsb.2011.11.007 
Gerhold CB, Winkler DD, Lakomek K, Seifert FU, Fenn S, Kessler B, Witte G, Luger K, Hopfner KP (2012) 
Structure of Actin-related protein 8 and its contribution to nucleosome binding. Nucleic Acids Res 40 
(21):11036-11046. doi:10.1093/nar/gks842 
Gieni RS, Hendzel MJ (2009) Actin dynamics and functions in the interphase nucleus: moving toward an 
understanding of nuclear polymeric actin. Biochem Cell Biol 87 (1):283-306. doi:10.1139/O08-133 
14 
 
Gimm JA, An X, Nunomura W, Mohandas N (2002) Functional characterization of spectrin-actin-binding 
domains in 4.1 family of proteins. Biochemistry 41 (23):7275-7282 
Goley ED, Ohkawa T, Mancuso J, Woodruff JB, D'Alessio JA, Cande WZ, Volkman LE, Welch MD (2006) 
Dynamic nuclear actin assembly by Arp2/3 complex and a baculovirus WASP-like protein. Science 314 
(5798):464-467. doi:10.1126/science.1133348 
Goley ED, Welch MD (2006) The ARP2/3 complex: an actin nucleator comes of age. Nat Rev Mol Cell Biol 7 
(10):713-726. doi:10.1038/nrm2026 
Goodson HV, Hawse WF (2002) Molecular evolution of the actin family. J Cell Sci 115 (Pt 13):2619-2622 
Gounon P, Karsenti E (1981) Involvement of contractile proteins in the changes in consistency of oocyte 
nucleoplasm of the newt Pleurodeles waltlii. J Cell Biol 88 (2):410-421 
Grava S, Dumoulin P, Madania A, Tarassov I, Winsor B (2000) Functional analysis of six genes from 
chromosomes XIV and XV of Saccharomyces cerevisiae reveals YOR145c as an essential gene and 
YNL059c/ARP5 as a strain-dependent essential gene encoding nuclear proteins. Yeast 16 (11):1025-
1033. doi:10.1002/1097-0061(200008)16:11<1025::AID-YEA602>3.0.CO;2-1 
Grosse R, Vartiainen MK (2013) To be or not to be assembled: progressing into nuclear actin filaments. Nat Rev 
Mol Cell Biol 14 (11):693-697. doi:10.1038/nrm3681 
Gruenbaum Y, Margalit A, Goldman RD, Shumaker DK, Wilson KL (2005) The nuclear lamina comes of age. 
Nat Rev Mol Cell Biol 6 (1):21-31. doi:10.1038/nrm1550 
Grummt I (2006) Actin and myosin as transcription factors. Curr Opin Genet Dev 16 (2):191-196. 
doi:10.1016/j.gde.2006.02.001 
Gurdon JB (1962) The developmental capacity of nuclei taken from intestinal epithelium cells of feeding 
tadpoles. J Embryol Exp Morphol 10:622-640 
Harata M, Nishimori K, Hatta S (2001) Identification of two cDNAs for human actin-related proteins (Arps) that 
have remarkable similarity to conventional actin. Biochim Biophys Acta 1522 (2):130-133 
Harata M, Oma Y, Mizuno S, Jiang YW, Stillman DJ, Wintersberger U (1999) The nuclear actin-related protein 
of Saccharomyces cerevisiae, Act3p/Arp4, interacts with core histones. Mol Biol Cell 10 (8):2595-2605 
Ho CY, Jaalouk DE, Vartiainen MK, Lammerding J (2013) Lamin A/C and emerin regulate MKL1-SRF activity 
by modulating actin dynamics. Nature 497 (7450):507-511. doi:10.1038/nature12105 
Ho CY, Lammerding J (2012) Lamins at a glance. J Cell Sci 125 (Pt 9):2087-2093. doi:10.1242/jcs.087288 
Hofmann W, Reichart B, Ewald A, Muller E, Schmitt I, Stauber RH, Lottspeich F, Jockusch BM, Scheer U, 
Hauber J, Dabauvalle MC (2001) Cofactor requirements for nuclear export of Rev response element 
(RRE)- and constitutive transport element (CTE)-containing retroviral RNAs. An unexpected role for 
actin. J Cell Biol 152 (5):895-910 
Hofmann WA, Stojiljkovic L, Fuchsova B, Vargas GM, Mavrommatis E, Philimonenko V, Kysela K, Goodrich 
JA, Lessard JL, Hope TJ, Hozak P, de Lanerolle P (2004) Actin is part of pre-initiation complexes and 
is necessary for transcription by RNA polymerase II. Nat Cell Biol 6 (11):1094-1101. 
doi:10.1038/ncb1182 
Holaska JM, Kowalski AK, Wilson KL (2004) Emerin caps the pointed end of actin filaments: evidence for an 
actin cortical network at the nuclear inner membrane. PLoS Biol 2 (9):E231. 
doi:10.1371/journal.pbio.0020231 
Holaska JM, Wilson KL (2007) An emerin "proteome": purification of distinct emerin-containing complexes 
from HeLa cells suggests molecular basis for diverse roles including gene regulation, mRNA splicing, 
signaling, mechanosensing, and nuclear architecture. Biochemistry 46 (30):8897-8908. 
doi:10.1021/bi602636m 
Hsiao YL, Chen YJ, Chang YJ, Yeh HF, Huang YC, Pi H (2014) Proneural proteins Achaete and Scute associate 
with nuclear actin to promote formation of external sensory organs. J Cell Sci 127 (Pt 1):182-190. 
doi:10.1242/jcs.134718 
Huang W, Ghisletti S, Saijo K, Gandhi M, Aouadi M, Tesz GJ, Zhang DX, Yao J, Czech MP, Goode BL, 
Rosenfeld MG, Glass CK (2011) Coronin 2A mediates actin-dependent de-repression of inflammatory 
response genes. Nature 470 (7334):414-418. doi:10.1038/nature09703 
Johnson HW, Schell MJ (2009) Neuronal IP3 3-kinase is an F-actin-bundling protein: role in dendritic targeting 
and regulation of spine morphology. Mol Biol Cell 20 (24):5166-5180. doi:10.1091/mbc.E09-01-0083 
Jonsson ZO, Jha S, Wohlschlegel JA, Dutta A (2004) Rvb1p/Rvb2p recruit Arp5p and assemble a functional 
Ino80 chromatin remodeling complex. Mol Cell 16 (3):465-477. doi:10.1016/j.molcel.2004.09.033 
Kabsch W, Holmes KC (1995) The actin fold. FASEB J 9 (2):167-174 
Kadoch C, Crabtree GR (2015) Mammalian SWI/SNF chromatin remodeling complexes and cancer: 
Mechanistic insights gained from human genomics. Sci Adv 1 (5):e1500447. 
doi:10.1126/sciadv.1500447 
15 
 
Kalendova A, Kalasova I, Yamazaki S, Ulicna L, Harata M, Hozak P (2014) Nuclear actin filaments recruit 
cofilin and actin-related protein 3, and their formation is connected with a mitotic block. Histochem 
Cell Biol 142 (2):139-152. doi:10.1007/s00418-014-1243-9 
Kandasamy MK, Deal RB, McKinney EC, Meagher RB (2004) Plant actin-related proteins. Trends Plant Sci 9 
(4):196-202. doi:10.1016/j.tplants.2004.02.004 
Kandasamy MK, McKinney EC, Deal RB, Meagher RB (2005) Arabidopsis ARP7 is an essential actin-related 
protein required for normal embryogenesis, plant architecture, and floral organ abscission. Plant Physiol 
138 (4):2019-2032. doi:10.1104/pp.105.065326 
Kandasamy MK, McKinney EC, Meagher RB (2003) Cell cycle-dependent association of Arabidopsis actin-
related proteins AtARP4 and AtARP7 with the nucleus. Plant J 33 (5):939-948 
Kandasamy MK, McKinney EC, Meagher RB (2008) ACTIN-RELATED PROTEIN8 encodes an F-box protein 
localized to the nucleolus in Arabidopsis. Plant Cell Physiol 49 (5):858-863. doi:10.1093/pcp/pcn053 
Kato M, Sasaki M, Mizuno S, Harata M (2001) Novel actin-related proteins in vertebrates: similarities of 
structure and expression pattern to Arp6 localized on Drosophila heterochromatin. Gene 268 (1-2):133-
140 
King L, Jhou CR (2010) Nuclear titin interacts with histones. Chang Gung Med J 33 (2):201-210 
Kiseleva E, Drummond SP, Goldberg MW, Rutherford SA, Allen TD, Wilson KL (2004) Actin- and protein-4.1-
containing filaments link nuclear pore complexes to subnuclear organelles in Xenopus oocyte nuclei. J 
Cell Sci 117 (Pt 12):2481-2490. doi:10.1242/jcs.01098 
Kokai E, Beck H, Weissbach J, Arnold F, Sinske D, Sebert U, Gaiselmann G, Schmidt V, Walther P, Münch J, 
Posern G, Knöll B (2014) Analysis of nuclear actin by overexpression of wild-type and actin mutant 
proteins. Histochem Cell Biol 141(2):123-35. doi: 10.1007/s00418-013-1151-4 
Krauss SW, Chen C, Penman S, Heald R (2003) Nuclear actin and protein 4.1: essential interactions during 
nuclear assembly in vitro. Proc Natl Acad Sci U S A 100 (19):10752-10757. 
doi:10.1073/pnas.1934680100 
Krawetz R, Kelly GM (2008) Moesin signalling induces F9 teratocarcinoma cells to differentiate into primitive 
extraembryonic endoderm. Cell Signal 20(1):163-75 
Kukalev A, Nord Y, Palmberg C, Bergman T, Percipalle P (2005) Actin and hnRNP U cooperate for productive 
transcription by RNA polymerase II. Nat Struct Mol Biol 12 (3):238-244. doi:10.1038/nsmb904 
Kull FJ, Endow SA (2013) Force generation by kinesin and myosin cytoskeletal motor proteins. J Cell Sci 126 
(Pt 1):9-19. doi:10.1242/jcs.103911 
Kumar SV, Wigge PA (2010) H2A.Z-containing nucleosomes mediate the thermosensory response in 
Arabidopsis. Cell 140 (1):136-147. doi:10.1016/j.cell.2009.11.006 
Kumeta M, Yoshimura SH, Hejna J, Takeyasu K (2012) Nucleocytoplasmic shuttling of cytoskeletal proteins: 
molecular mechanism and biological significance. Int J Cell Biol 2012:494902. 
doi:10.1155/2012/494902 
Lane J, Martin T, Weeks HP, Jiang WG (2014) Structure and role of WASP and WAVE in Rho GTPase 
signalling in cancer. Cancer Genomics Proteomics 11 (3):155-165 
Lattanzi G, Cenni V, Marmiroli S, Capanni C, Mattioli E, Merlini L, Squarzoni S, Maraldi NM (2003) 
Association of emerin with nuclear and cytoplasmic actin is regulated in differentiating myoblasts. 
Biochem Biophys Res Commun 303 (3):764-770 
Lederer M, Jockusch BM, Rothkegel M (2005) Profilin regulates the activity of p42POP, a novel Myb-related 
transcription factor. J Cell Sci 118 (Pt 2):331-341. doi:10.1242/jcs.01618 
Lee KK, Haraguchi T, Lee RS, Koujin T, Hiraoka Y, Wilson KL (2001) Distinct functional domains in emerin 
bind lamin A and DNA-bridging protein BAF. J Cell Sci 114 (Pt 24):4567-4573 
Li Q, Sarna SK (2009) Nuclear myosin II regulates the assembly of preinitiation complex for ICAM-1 gene 
transcription. Gastroenterology 137 (3):1051-1060, 1060 e1051-1053. doi:10.1053/j.gastro.2009.03.040 
Lindsay AJ, McCaffrey MW (2009) Myosin Vb localises to nucleoli and associates with the RNA polymerase I 
transcription complex. Cell Motil Cytoskeleton 66 (12):1057-1072. doi:10.1002/cm.20408 
Linke WA, Kulke M, Li H, Fujita-Becker S, Neagoe C, Manstein DJ, Gautel M, Fernandez JM (2002) PEVK 
domain of titin: an entropic spring with actin-binding properties. J Struct Biol 137 (1-2):194-205. 
doi:10.1006/jsbi.2002.4468 
Lobsiger J, Hunziker Y, Richmond TJ (2014) Structure of the full-length yeast Arp7-Arp9 heterodimer. Acta 
Crystallogr D Biol Crystallogr 70 (Pt 2):310-316. doi:10.1107/S1399004713027417 
Machado C, Andrew DJ (2000) D-Titin: a giant protein with dual roles in chromosomes and muscles. J Cell Biol 
151 (3):639-652 
Machado C, Sunkel CE, Andrew DJ (1998) Human autoantibodies reveal titin as a chromosomal protein. J Cell 
Biol 141 (2):321-333 
Maundrell K, Scherrer K (1979) Characterization of pre-messenger-RNA-containing nuclear ribonucleoprotein 
particles from avian erythroblasts. Eur J Biochem 99 (2):225-238 
16 
 
McDonald D, Carrero G, Andrin C, de Vries G, Hendzel MJ (2006) Nucleoplasmic beta-actin exists in a 
dynamic equilibrium between low-mobility polymeric species and rapidly diffusing populations. J Cell 
Biol 172 (4):541-552. doi:10.1083/jcb.200507101 
McKinney EC, Kandasamy MK, Meagher RB (2002) Arabidopsis contains ancient classes of differentially 
expressed actin-related protein genes. Plant Physiol 128 (3):997-1007. doi:10.1104/pp.010906 
McMahon LW, Zhang P, Sridharan DM, Lefferts JA, Lambert MW (2009) Knockdown of alphaII spectrin in 
normal human cells by siRNA leads to chromosomal instability and decreased DNA interstrand cross-
link repair. Biochem Biophys Res Commun 381 (2):288-293. doi:10.1016/j.bbrc.2009.02.038 
Meagher RB, Kandasamy MK, McKinney EC, Roy E (2009) Chapter 5. Nuclear actin-related proteins in 
epigenetic control. Int Rev Cell Mol Biol 277:157-215. doi:10.1016/S1937-6448(09)77005-4 
Mehta IS, Amira M, Harvey AJ, Bridger JM (2010) Rapid chromosome territory relocation by nuclear motor 
activity in response to serum removal in primary human fibroblasts. Genome Biol 11 (1):R5. 
doi:10.1186/gb-2010-11-1-r5 
Menard I, Gervais FG, Nicholson DW, Roy S (2006) Caspase-3 cleaves the formin-homology-domain-
containing protein FHOD1 during apoptosis to generate a C-terminal fragment that is targeted to the 
nucleolus. Apoptosis 11 (11):1863-1876. doi:10.1007/s10495-006-0087-8 
Meyer AJ, Almendrala DK, Go MM, Krauss SW (2011) Structural protein 4.1R is integrally involved in nuclear 
envelope protein localization, centrosome-nucleus association and transcriptional signaling. J Cell Sci 
124 (Pt 9):1433-1444. doi:10.1242/jcs.077883 
Migocka-Patrzalek M, Makowiecka A, Nowak D, Mazur AJ, Hofmann WA, Malicka-Blaszkiewicz M (2015) 
beta- and gamma-Actins in the nucleus of human melanoma A375 cells. Histochem Cell Biol 144 
(5):417-428. doi:10.1007/s00418-015-1349-8 
Mislow JM, Holaska JM, Kim MS, Lee KK, Segura-Totten M, Wilson KL, McNally EM (2002) Nesprin-1alpha 
self-associates and binds directly to emerin and lamin A in vitro. FEBS Lett 525 (1-3):135-140 
Miyamoto K, Gurdon JB (2013) Transcriptional regulation and nuclear reprogramming: roles of nuclear actin 
and actin-binding proteins. Cell Mol Life Sci 70 (18):3289-3302. doi:10.1007/s00018-012-1235-7 
Miyamoto K, Pasque V, Jullien J, Gurdon JB (2011) Nuclear actin polymerization is required for transcriptional 
reprogramming of Oct4 by oocytes. Genes Dev 25 (9):946-958. doi:10.1101/gad.615211 
Morgan T, Sturtevant A, Muller H, Bridges C (1915) The Mechanism of Mendelian Heredity. New York: Henry 
Holt and Co 
Muller J, Oma Y, Vallar L, Friederich E, Poch O, Winsor B (2005) Sequence and comparative genomic analysis 
of actin-related proteins. Mol Biol Cell 16 (12):5736-5748. doi:10.1091/mbc.E05-06-0508 
Munsie L, Caron N, Atwal RS, Marsden I, Wild EJ, Bamburg JR, Tabrizi SJ, Truant R (2011) Mutant huntingtin 
causes defective actin remodeling during stress: defining a new role for transglutaminase 2 in 
neurodegenerative disease. Hum Mol Genet 20 (10):1937-1951. doi:10.1093/hmg/ddr075 
Nishida S, Hiruma S, Hashimoto S (1987) Immunohistochemical change of actin in experimental myocardial 
ischemia. Its usefulness to detect very early myocardial damages. Histol Histopathol 2 (4):417-428 
Nishimoto N, Watanabe M, Watanabe S, Sugimoto N, Yugawa T, Ikura T, Koiwai O, Kiyono T, Fujita M (2012) 
Heterocomplex formation by Arp4 and beta-actin is involved in the integrity of the Brg1 chromatin 
remodeling complex. J Cell Sci 125 (Pt 16):3870-3882. doi:10.1242/jcs.104349 
Nolen BJ, Littlefield RS, Pollard TD (2004) Crystal structures of actin-related protein 2/3 complex with bound 
ATP or ADP. Proc Natl Acad Sci U S A 101 (44):15627-15632. doi:10.1073/pnas.0407149101 
Obrdlik A, Kukalev A, Louvet E, Farrants AK, Caputo L, Percipalle P (2008) The histone acetyltransferase 
PCAF associates with actin and hnRNP U for RNA polymerase II transcription. Mol Cell Biol 28 
(20):6342-6357. doi:10.1128/MCB.00766-08 
Obrdlik A, Percipalle P (2011) The F-actin severing protein cofilin-1 is required for RNA polymerase II 
transcription elongation. Nucleus 2 (1):72-79. doi:10.4161/nucl.2.1.14508 
Ohfuchi E, Kato M, Sasaki M, Sugimoto K, Oma Y, Harata M (2006) Vertebrate Arp6, a novel nuclear actin-
related protein, interacts with heterochromatin protein 1. Eur J Cell Biol 85 (5):411-421. 
doi:10.1016/j.ejcb.2005.12.006 
Olave I, Wang W, Xue Y, Kuo A, Crabtree GR (2002) Identification of a polymorphic, neuron-specific 
chromatin remodeling complex. Genes Dev 16 (19):2509-2517. doi:10.1101/gad.992102 
Oma Y, Harata M (2011) Actin-related proteins localized in the nucleus: from discovery to novel roles in nuclear 
organization. Nucleus 2 (1):38-46. doi:10.4161/nucl.2.1.14510 
Osakabe A, Takahashi Y, Murakami H, Otawa K, Tachiwana H, Oma Y, Nishijima H, Shibahara KI, 
Kurumizaka H, Harata M (2014) DNA binding properties of the actin-related protein Arp8 and its role 
in DNA repair. PLoS One 9 (10):e108354. doi:10.1371/journal.pone.0108354 
Pederson T, Marko JF (2014) Nuclear physics (of the cell, not the atom). Mol Biol Cell 25 (22):3466-3469. 
doi:10.1091/mbc.E14-03-0790 
17 
 
Pendleton A, Pope B, Weeds A, Koffer A (2003) Latrunculin B or ATP depletion induces cofilin-dependent 
translocation of actin into nuclei of mast cells. J Biol Chem 278 (16):14394-14400. 
doi:10.1074/jbc.M206393200 
Percipalle P (2013) Co-transcriptional nuclear actin dynamics. Nucleus 4 (1):43-52. doi:10.4161/nucl.22798 
Percipalle P, Fomproix N, Cavellan E, Voit R, Reimer G, Kruger T, Thyberg J, Scheer U, Grummt I, Farrants 
AK (2006) The chromatin remodelling complex WSTF-SNF2h interacts with nuclear myosin 1 and has 
a role in RNA polymerase I transcription. EMBO Rep 7 (5):525-530. doi:10.1038/sj.embor.7400657 
Percipalle P, Jonsson A, Nashchekin D, Karlsson C, Bergman T, Guialis A, Daneholt B (2002) Nuclear actin is 
associated with a specific subset of hnRNP A/B-type proteins. Nucleic Acids Res 30 (8):1725-1734 
Percipalle P, Zhao J, Pope B, Weeds A, Lindberg U, Daneholt B (2001) Actin bound to the heterogeneous 
nuclear ribonucleoprotein hrp36 is associated with Balbiani ring mRNA from the gene to polysomes. J 
Cell Biol 153 (1):229-236 
Pestic-Dragovich L, Stojiljkovic L, Philimonenko AA, Nowak G, Ke Y, Settlage RE, Shabanowitz J, Hunt DF, 
Hozak P, de Lanerolle P (2000) A myosin I isoform in the nucleus. Science 290 (5490):337-341 
Philimonenko VV, Zhao J, Iben S, Dingova H, Kysela K, Kahle M, Zentgraf H, Hofmann WA, de Lanerolle P, 
Hozak P, Grummt I (2004) Nuclear actin and myosin I are required for RNA polymerase I transcription. 
Nat Cell Biol 6 (12):1165-1172. doi:10.1038/ncb1190 
Plessner M, Melak M, Chinchilla P, Baarlink C, Grosse R (2015) Nuclear F-actin formation and reorganization 
upon cell spreading. J Biol Chem 290 (18):11209-11216. doi:10.1074/jbc.M114.627166 
Poch O, Winsor B (1997) Who's who among the Saccharomyces cerevisiae actin-related proteins? A 
classification and nomenclature proposal for a large family. Yeast 13 (11):1053-1058. 
doi:10.1002/(SICI)1097-0061(19970915)13:11<1053::AID-YEA164>3.0.CO;2-4 
Pranchevicius MC, Baqui MM, Ishikawa-Ankerhold HC, Lourenco EV, Leao RM, Banzi SR, dos Santos CT, 
Roque-Barreira MC, Espreafico EM, Larson RE (2008) Myosin Va phosphorylated on Ser1650 is found 
in nuclear speckles and redistributes to nucleoli upon inhibition of transcription. Cell Motil 
Cytoskeleton 65 (6):441-456. doi:10.1002/cm.20269 
Qi J, Chi L, Labeit S, Banes AJ (2008) Nuclear localization of the titin Z1Z2Zr domain and role in regulating 
cell proliferation. Am J Physiol Cell Physiol 295 (4):C975-985. doi:10.1152/ajpcell.90619.2007 
Rajakyla EK, Vartiainen MK (2014) Rho, nuclear actin, and actin-binding proteins in the regulation of 
transcription and gene expression. Small GTPases 5:e27539. doi:10.4161/sgtp.27539 
Rando OJ, Zhao K, Janmey P, Crabtree GR (2002) Phosphatidylinositol-dependent actin filament binding by the 
SWI/SNF-like BAF chromatin remodeling complex. Proc Natl Acad Sci U S A 99 (5):2824-2829. 
doi:10.1073/pnas.032662899 
Riedl J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D, Bista M, Bradke F, Jenne D, Holak TA, Werb Z, 
Sixt M, Wedlich-Soldner R (2008) Lifeact: a versatile marker to visualize F-actin. Nat Methods 5 
(7):605-607. doi:10.1038/nmeth.1220 
Robinson RC, Turbedsky K, Kaiser DA, Marchand JB, Higgs HN, Choe S, Pollard TD (2001) Crystal structure 
of Arp2/3 complex. Science 294 (5547):1679-1684. doi:10.1126/science.1066333 
Roper K, Mao Y, Brown NH (2005) Contribution of sequence variation in Drosophila actins to their 
incorporation into actin-based structures in vivo. J Cell Sci 118 (Pt 17):3937-3948. 
doi:10.1242/jcs.02517 
Salomao M, Zhang X, Yang Y, Lee S, Hartwig JH, Chasis JA, Mohandas N, An X (2008) Protein 4.1R-
dependent multiprotein complex: new insights into the structural organization of the red blood cell 
membrane. Proc Natl Acad Sci U S A 105 (23):8026-8031. doi:10.1073/pnas.0803225105 
Saravanan M, Wuerges J, Bose D, McCormack EA, Cook NJ, Zhang X, Wigley DB (2012) Interactions between 
the nucleosome histone core and Arp8 in the INO80 chromatin remodeling complex. Proc Natl Acad 
Sci U S A 109 (51):20883-20888. doi:10.1073/pnas.1214735109 
Sarshad A, Sadeghifar F, Louvet E, Mori R, Bohm S, Al-Muzzaini B, Vintermist A, Fomproix N, Ostlund AK, 
Percipalle P (2013) Nuclear myosin 1c facilitates the chromatin modifications required to activate 
rRNA gene transcription and cell cycle progression. PLoS Genet 9 (3):e1003397. 
doi:10.1371/journal.pgen.1003397 
Sarshad AA, Percipalle P (2014) New insight into role of myosin motors for activation of RNA polymerases. Int 
Rev Cell Mol Biol 311:183-230. doi:10.1016/B978-0-12-800179-0.00004-0 
Schoenenberger CA, Buchmeier S, Boerries M, Sutterlin R, Aebi U, Jockusch BM (2005) Conformation-specific 
antibodies reveal distinct actin structures in the nucleus and the cytoplasm. J Struct Biol 152 (3):157-
168. doi:10.1016/j.jsb.2005.09.003 
Schroer TA, Fyrberg E, Cooper JA, Waterston RH, Helfman D, Pollard TD, Meyer DI (1994) Actin-related 
protein nomenclature and classification. J Cell Biol 127 (6 Pt 2):1777-1778 
Shen X, Ranallo R, Choi E, Wu C (2003) Involvement of actin-related proteins in ATP-dependent chromatin 
remodeling. Mol Cell 12 (1):147-155 
18 
 
Shimada K, Oma Y, Schleker T, Kugou K, Ohta K, Harata M, Gasser SM (2008) Ino80 chromatin remodeling 
complex promotes recovery of stalled replication forks. Curr Biol 18 (8):566-575. 
doi:10.1016/j.cub.2008.03.049 
Simon DN, Wilson KL (2011) The nucleoskeleton as a genome-associated dynamic 'network of networks'. Nat 
Rev Mol Cell Biol 12 (11):695-708. doi:10.1038/nrm3207 
Simon DN, Wilson KL (2013) Partners and post-translational modifications of nuclear lamins. Chromosoma 122 
(1-2):13-31. doi:10.1007/s00412-013-0399-8 
Simon DN, Zastrow MS, Wilson KL (2010) Direct actin binding to A- and B-type lamin tails and actin filament 
bundling by the lamin A tail. Nucleus 1 (3):264-272. doi:10.4161/nucl.1.3.11799 
Sjolinder M, Bjork P, Soderberg E, Sabri N, Farrants AK, Visa N (2005) The growing pre-mRNA recruits actin 
and chromatin-modifying factors to transcriptionally active genes. Genes Dev 19 (16):1871-1884. 
doi:10.1101/gad.339405 
Skare P, Kreivi JP, Bergstrom A, Karlsson R (2003) Profilin I colocalizes with speckles and Cajal bodies: a 
possible role in pre-mRNA splicing. Exp Cell Res 286 (1):12-21 
Skarp KP, Vartiainen MK (2013) Actin as a model for the study of nucleocytoplasmic shuttling and nuclear 
dynamics. Methods Mol Biol 1042:245-255. doi:10.1007/978-1-62703-526-2_18 
Soderberg E, Hessle V, von Euler A, Visa N (2012) Profilin is associated with transcriptionally active genes. 
Nucleus 3 (3):290-299. doi:10.4161/nucl.20327 
Spracklen AJ, Fagan TN, Lovander KE, Tootle TL (2014) The pros and cons of common actin labeling tools for 
visualizing actin dynamics during Drosophila oogenesis. Dev Biol 393 (2):209-226. 
doi:10.1016/j.ydbio.2014.06.022 
Stuven T, Hartmann E, Gorlich D (2003) Exportin 6: a novel nuclear export receptor that is specific for 
profilin.actin complexes. EMBO J 22 (21):5928-5940. doi:10.1093/emboj/cdg565 
Suetsugu S, Takenawa T (2003) Translocation of N-WASP by nuclear localization and export signals into the 
nucleus modulates expression of HSP90. J Biol Chem 278 (43):42515-42523. 
doi:10.1074/jbc.M302177200 
Sutton WS (1903) The chromosomes in heredity. Biol Bull (4):231-251 
Szerlong H, Hinata K, Viswanathan R, Erdjument-Bromage H, Tempst P, Cairns BR (2008) The HSA domain 
binds nuclear actin-related proteins to regulate chromatin-remodeling ATPases. Nat Struct Mol Biol 15 
(5):469-476. doi:10.1038/nsmb.1403 
Szerlong H, Saha A, Cairns BR (2003) The nuclear actin-related proteins Arp7 and Arp9: a dimeric module that 
cooperates with architectural proteins for chromatin remodeling. EMBO J 22 (12):3175-3187. 
doi:10.1093/emboj/cdg296 
Tang Y, Katuri V, Dillner A, Mishra B, Deng CX, Mishra L (2003) Disruption of transforming growth factor-
beta signaling in ELF beta-spectrin-deficient mice. Science 299 (5606):574-577. 
doi:10.1126/science.1075994 
Tosi A, Haas C, Herzog F, Gilmozzi A, Berninghausen O, Ungewickell C, Gerhold CB, Lakomek K, Aebersold 
R, Beckmann R, Hopfner KP (2013) Structure and subunit topology of the INO80 chromatin remodeler 
and its nucleosome complex. Cell 154 (6):1207-1219. doi:10.1016/j.cell.2013.08.016 
Trombitas K, Granzier H (1997) Actin removal from cardiac myocytes shows that near Z line titin attaches to 
actin while under tension. Am J Physiol 273 (2 Pt 1):C662-670 
Tse WT, Tang J, Jin O, Korsgren C, John KM, Kung AL, Gwynn B, Peters LL, Lux SE (2001) A new spectrin, 
beta IV, has a major truncated isoform that associates with promyelocytic leukemia protein nuclear 
bodies and the nuclear matrix. J Biol Chem 276 (26):23974-23985. doi:10.1074/jbc.M009307200 
Vandekerckhove J, Weber K (1978) At least six different actins are expressed in a higher mammal: an analysis 
based on the amino acid sequence of the amino-terminal tryptic peptide. J Mol Biol 126 (4):783-802 
Vartiainen MK, Guettler S, Larijani B, Treisman R (2007) Nuclear actin regulates dynamic subcellular 
localization and activity of the SRF cofactor MAL. Science 316 (5832):1749-1752. 
doi:10.1126/science.1141084 
Verboon JM, Sugumar B, Parkhurst SM (2015) Wiskott-Aldrich Syndrome proteins in the nucleus: aWASH 
with possibilities. Nucleus:0. doi:10.1080/19491034.2015.1086051 
Vieu E, Hernandez N (2006) Actin's latest act: polymerizing to facilitate transcription? Nat Cell Biol 8 (7):650-
651. doi:10.1038/ncb0706-650 
Visa N, Percipalle P (2010) Nuclear functions of actin. Cold Spring Harb Perspect Biol 2 (4):a000620. 
doi:10.1101/cshperspect.a000620 
Vreugde S, Ferrai C, Miluzio A, Hauben E, Marchisio PC, Crippa MP, Bussi M, Biffo S (2006) Nuclear myosin 
VI enhances RNA polymerase II-dependent transcription. Mol Cell 23 (5):749-755. 
doi:10.1016/j.molcel.2006.07.005 
19 
 
Wada A, Fukuda M, Mishima M, Nishida E (1998) Nuclear export of actin: a novel mechanism regulating the 
subcellular localization of a major cytoskeletal protein. EMBO J 17 (6):1635-1641. 
doi:10.1093/emboj/17.6.1635 
Watanabe S, Tan D, Lakshminarasimhan M, Washburn MP, Hong EJ, Walz T, Peterson CL (2015) Structural 
analyses of the chromatin remodelling enzymes INO80-C and SWR-C. Nat Commun 6:7108. 
doi:10.1038/ncomms8108 
Weber V, Harata M, Hauser H, Wintersberger U (1995) The actin-related protein Act3p of Saccharomyces 
cerevisiae is located in the nucleus. Mol Biol Cell 6 (10):1263-1270 
Wesolowska N, Lenart P (2015) Nuclear roles for actin. Chromosoma 124 (4):481-489. doi:10.1007/s00412-
015-0519-8 
Weston L, Coutts AS, La Thangue NB (2012) Actin nucleators in the nucleus: an emerging theme. J Cell Sci 125 
(Pt 15):3519-3527. doi:10.1242/jcs.099523 
Wu WH, Wu CH, Ladurner A, Mizuguchi G, Wei D, Xiao H, Luk E, Ranjan A, Wu C (2009) N terminus of 
Swr1 binds to histone H2AZ and provides a platform for subunit assembly in the chromatin remodeling 
complex. J Biol Chem 284 (10):6200-6207. doi:10.1074/jbc.M808830200 
Wu X, Yoo Y, Okuhama NN, Tucker PW, Liu G, Guan JL (2006) Regulation of RNA-polymerase-II-dependent 
transcription by N-WASP and its nuclear-binding partners. Nat Cell Biol 8 (7):756-763. 
doi:10.1038/ncb1433 
Yamazaki S, Yamamoto K, Harata M (2015) Contribution of nuclear actin to transcription regulation. Genom 
Data 4:127-129. doi:10.1016/j.gdata.2015.04.009 
Yao W, Beckwith SL, Zheng T, Young T, Dinh VT, Ranjan A, Morrison AJ (2015) Assembly of the Arp5 
(Actin-related Protein) Subunit Involved in Distinct INO80 Chromatin Remodeling Activities. J Biol 
Chem 290 (42):25700-25709. doi:10.1074/jbc.M115.674887 
Yoo Y, Wu X, Guan JL (2007) A novel role of the actin-nucleating Arp2/3 complex in the regulation of RNA 
polymerase II-dependent transcription. J Biol Chem 282 (10):7616-7623. doi:10.1074/jbc.M607596200 
Yoshida T, Shimada K, Oma Y, Kalck V, Akimura K, Taddei A, Iwahashi H, Kugou K, Ohta K, Gasser SM, 
Harata M (2010) Actin-related protein Arp6 influences H2A.Z-dependent and -independent gene 
expression and links ribosomal protein genes to nuclear pores. PLoS Genet 6 (4):e1000910. 
doi:10.1371/journal.pgen.1000910 
Young KG, Kothary R (2005) Spectrin repeat proteins in the nucleus. Bioessays 27 (2):144-152. 
doi:10.1002/bies.20177 
Yue J, Wang Q, Lu H, Brenneman M, Fan F, Shen Z (2009) The cytoskeleton protein filamin-A is required for 
an efficient recombinational DNA double strand break repair. Cancer Res 69 (20):7978-7985. 
doi:10.1158/0008-5472.CAN-09-2177 
Zastrow MS, Flaherty DB, Benian GM, Wilson KL (2006) Nuclear titin interacts with A- and B-type lamins in 
vitro and in vivo. J Cell Sci 119 (Pt 2):239-249. doi:10.1242/jcs.02728 
Zhang C, Mallery EL, Szymanski DB (2013) ARP2/3 localization in Arabidopsis leaf pavement cells: a diversity 
of intracellular pools and cytoskeletal interactions. Front Plant Sci 4:238. doi:10.3389/fpls.2013.00238 
Zhang P, Sridharan D, Lambert MW (2015) Nuclear alpha Spectrin Differentially Affects Monoubiquitinated 
Versus Non-Ubiquitinated FANCD2 Function After DNA Interstrand Cross-Link Damage. J Cell 
Biochem. doi:10.1002/jcb.25352 
Zhao K, Wang W, Rando OJ, Xue Y, Swiderek K, Kuo A, Crabtree GR (1998) Rapid and phosphoinositol-
dependent binding of the SWI/SNF-like BAF complex to chromatin after T lymphocyte receptor 
signaling. Cell 95 (5):625-636 
 
  
20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Summary of the functions of actin and actin-binding proteins in the nucleus. For details see text. NPC- 
Nuclear Pore Complex, TRC – Transcription Complex, CRC – Chromatin Remodeling Complex, Fln – Filamin. 
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Fig. 2 Schematic representation of ARP-containing complexes in the nucleus. The ARP2/3 complex nucleates a 
new filament from the side of an already existing actin filament at 70˚ angle. In addition to ARP2 and ARP3, it 
contains five more proteins (Robinson et al. 2001; Doolittle et al. 2013) and requires additional nucleation 
promoting factors for its activity. The structure of the Arp2/3 complex is described in (Nolen et al. 2004). The 
assembly and composition of the complex is conserved among yeast, metazoans, and plants. The Arp2/3 
complex was described first in the cytoplasm (Goley and Welch 2006), but it was also found in the nucleus of 
Arabidopsis pavement cells in a perinucleolar rod like pattern (Zhang et al. 2013), and it has been proposed that 
in the nucleus it can influence gene expression (Weston et al. 2012).  
Composition and structure of other nuclear ARP-containing complexes vary substantially in different 
model organisms and even in different cell types of the same species (Kadoch and Crabtree 2015). Although, the 
structures of the INO80 and SWR complexes have been determined recently in yeast by electron microscopy 
coupled two dimensional class analysis (Watanabe et al. 2015; Tosi et al. 2013), the exact subunit topology of 
the different chromatin remodeling complexes is still obscure, due to the lack of crystallographic information 
about the holocomplexes. The main scaffold component in all of the complexes contains ATPase and HSA 
domains with the exception of the NuA4 complex, where the HSA domain lies in an associated Eaf1 subunit, not 
in the central ATPase Esa1 (Auger et al. 2008). ARPs are proposed to facilitate nucleosomal and DNA 
interactions of the complexes. The association of ARPs to the chromatin remodeling complexes is relatively well 
conserved, they generally form heterodimers with each other or with actin, and bind to the HSA domain of the 
central ATPase subunit of the given complex (Szerlong et al. 2008). However, the associations of ARP5 and 
ARP6 to the complexes are unusual because ARP5, together with the Rvb1-Rvb2 subunits (Jonsson et al. 2004), 
interacts with the conserved spacer region of INO80 (Yao et al. 2015), and ARP6 maps to the ATPase domain 
region of Swr1 (Wu et al. 2009). 
